Abstract Sedimentary basins beneath the East Antarctic Ice Sheet (EAIS) have immense potential to inform models of the tectonic evolution of East Antarctica and its ice-sheet. However, even basic characteristics such as thickness and extent are often unknown. Using airborne geophysical data, we resolve the tectonic architecture of the Knox Subglacial Sedimentary Basin in western Wilkes Land. In addition, we apply an erosion restoration model to reconstruct the original basin geometry for which we resolve geometry typical of a transtensional pull-apart basin. The tectonic architecture strongly indicates formation as a consequence of the rifting of India from East Gondwana from ca. 160-130 Ma, and we suggest a spatial link with the western Mentelle Basin offshore Western Australia. The erosion restoration model shows that erosion is confined within the rift margins, suggesting that rift structure has strongly influenced the evolution of the Denman and Scott ice streams.
and Scott ice streams, which extend over 900 km into the continent interior, suggesting that riftinginduced differences in bed conditions have influenced the evolution of the Denman and Scott ice streams.
In this work we study the geometry and tectonic setting of the KSSB to determine its origins and its subsequent modification by erosion. Using ICECAP data [Blankenship et al., , updated 2013 [Blankenship et al., , updated 2014 [Blankenship et al., , updated 2013a [Blankenship et al., , updated 2013b [Blankenship et al., , updated 2013c , we model the basin thickness and define the geometry of the most prominent basement structures. We compare our new results with the Perth and Mentelle Basins [Borissova et al., 2010a; Bradshaw et al., 2003; Hall et al., 2013; Mory and Iasky, 1996; Song and Cawood, 2000] to contextualize basin formation within the breakup of East Gondwana. Finally, we estimate the amount of glacial erosion to assess how topographic and ) show "slip-lines" indicating the orientation and location of maximum shear-stress under conditions of N-S tension, and with a null-point in the center of the basin. Note how topography has high elevation in the compressional sectors and low elevation in the tensional sectors. Shearing and basin subsidence is focused along preexisting structures oriented close to these slip-lines.
Geophysical Research Letters

10.1002/2016GL071063
tectonic conditions may have influenced the structure and evolution of the Denman and Scott glacier ice streams.
Geophysical Modeling
Tectonic Interpretation
We use a previous tectonic model of Wilkes Land [Aitken et al., 2014] as a starting point for our tectonic interpretation (Figure 1d ), considering the following major basement elements: 1 -The Albany Fraser Province, bounded to the southeast by the Totten Fault and to the southwest by the Aurora Fault; 2 -The west Mawson Craton, bounded to the southwest by the Indo-Australo-Antarctic Suture (IAAS) [Aitken et al., 2014] and to the north by the Aurora and Totten Faults; 3 -The Bunger Hills Block, bounded to its east by the Scott Fault, is defined by a linear chain of high magnetic intensity anomalies (Figure 1b) . These wrap around the northern end of the rift, encompassing the Obruchev and Bunger Hills outcrops (Figure 1d ). 4 -The Indo-Antarctic Charcot Terrane lies east of the Bunger Hills Block and extends to the coast and potentially as far as Chugonov Island [Sheraton, 1995] , and we demarcate this as the southernmost probable location of the IAAS (Figure 1d ). The regions south of 70°S are poorly resolved, but generally are divided by the IAAS into Indo-Antarctic and Australo-Antarctic sectors.
The Knox Rift overprints these basement provinces, and is bounded to its west by the Scott Fault and to its east by the Conger Fault. The Knox Rift itself has some distinct gravity and magnetic characteristics. Broader, loweramplitude anomalies beneath the KSSB define in general a relatively low-magnetization block, but a large riftparallel positive anomaly also exists (Figure 1b) . The basin has a strong negative free-air anomaly of -150 mGal, indicating thick sedimentary rocks, but also has smaller regions of higher gravity adjacent to the basin bounding Scott and Conger Faults, where the sedimentary basin is thinner (Figure 1a ). To both sides of the rift, strong positive gravity anomalies mark the presence of exposed basement rocks at high elevation. Two flight lines cross an area of anomalously low gravity to the south, separated from the main gravity low by a gravity ridge (Figure 1a) , and this is interpreted as an additional sub-basin.
Two dominant structural trends were identified from the geophysical dataset incorporating, firstly, the NNE trending basin-bounding Conger and Scott Faults and, secondly, the NW trending IAAS and Aurora Faults, as well as several smaller structures of each orientation. A third orientation (ENE) is observed within Australo-Antarctica, including the Totten Fault. Due to multiple reactivations, cross-cutting relationships between these structures are partly ambiguous; however, the ENE oriented structures (e.g. Totten) appear to be oldest, followed by the NW (e.g. IAAS and Aurora) and finally the NNE structures of the Knox Rift (e.g. Scott and Conger). Although the Scott and Conger Faults are not interrupted, variations in gravity and magnetic intensity along the rift axis suggest that the IAAS and associated structures have played an important role in rift evolution.
Gravity and Magnetic Modeling
To resolve further the crustal structure and basin thickness, 2D forward models were computed for seven flight-line profiles. Free-air gravity was used due to the explicit calculation of topographic effects, without assuming a particular density contrast. Air-ice and ice-rock surfaces correspond to the highest density contrast surfaces in the 2D models and, for the ICECAP dataset, regions of complex 3D topography generates non-systematic errors of ±500 m [Aitken et al., 2016a] . The filtering required to smooth aircraft accelerations, means that the free-air gravity data have a minimum resolvable half-wavelength of approximately 6-8 km, further exacerbating topographic effects in areas of steep topography. The total magnetic intensity data were sampled at high resolution, so wavelength sensitivity is dependent primarily on ice and sedimentary rock thicknesses. Both datasets were calculated at the aircraft flight elevation.
The initial model had five reference surfaces that existed across the entire model, namely the ice sheet surface, the ice-sheet bed, the KSSB base, an upper-crust/lower-crust boundary and the Moho. The Moho and a 13 km-thick lower crust were defined by a flexural model (T e = 25 km) that accounts for the effect of depressed crust beneath ice and topographic loads.
The 2D forward modeling code calculates the integrated response from density/magnetization contrasts at manually delineated polygon boundaries [Talwani et al., 1959] . Polygon boundaries and internal properties were edited so as to fit the gravity and magnetic data but also minimizing the complexity of the model.
Geophysical Research Letters
10.1002/2016GL071063
For simplicity, and in the absence of local petrophysical knowledge, uniform magnetic susceptibility and density was assumed for the KSSB, lower crust and mantle ( Table 1 ). The upper crust layer was subdivided into blocks corresponding to the main tectonic elements interpreted for the Knox Rift Region for which susceptibility and density were varied within reasonable limits (Table 1) .
We assigned to the KSSB a sedimentary rock density of 2400 kg m -3 , but we tested a range of reasonable sedimentary rock densities between 2200 kg m -3 and 2500 kg m -3 . These values are similar to density values from the Perth Basin, including previous 2D gravity modeling studies [Iasky, 1993] and petrophysical measurements for Mesozoic sedimentary rocks [Delle Piane et al., 2013] . The other properties are permitted to change in line with global norms and regional data from Antarctica [Tenzer and Bagherbandi, 2013] . Full details of the 2D modeling work are provided in the supporting information.
The sensitivity of the modeled basin geometry to this density range is of the order of ±1-2 km, and scales linearly with the thickness of the basin. Final maps of the base of the sedimentary basin were generated at 10 km spatial resolution using, firstly, processing to remove declustering and secondly, interpolation by ordinary kriging with normal score transformation [Oliver and Webster, 1990] . The validity of the prediction map is confirmed by the acceptable prediction error [Efron and Gong, 1983] in the cross-validation statistics.
The models include density heterogeneities in the upper crust across the Knox Rift and IAAS. The IndoAntarctic upper-crust is denser (ρ = 2700 kg m -3
), and apparently more uniform than the Australo-Antarctic upper-crust (ρ ranging between 2500 kg m -3 and 2700 kg m -3
). The tectonic heterogeneity of the AustraloAntarctic crust includes the difference between the Albany Fraser Province and the west Mawson Craton, as well as several intrusive suites. The Bunger Hills Block is a high-density block. Changes to the density and shape of the intra-basement boundaries add some degree of variability to the basin geometry but has little effect on the overall basin thickness.
Glacial Erosion Restoration Model
A 1D erosion restoration model was applied to study the isostatic modification of the basin geometry as result of both erosion and the growth of the EAIS. This restoration uses a method akin to sedimentary backstripping [Watts and Ryan, 1976] but applied in reverse. It provides, firstly, a better model of the initial basin morphology, but also helps to understand erosion processes in the Denman and Scott ice streams. Full details of the method are provided in the supporting information [Jacobs and Lisker, 1999; Lisker et al., 2007 Lisker et al., , 2014 Mory and Iasky, 1996; Olierook et al., 2016; Taylor et al., 2004] .
In our approach we consider erosion in deep troughs, which reach over 1000 m below sea level, to be dominated by glacial erosion. Our model explicitly accounts for the glacial or subglacial fluvial erosion of sedimentary rocks and the isostatic effects of replacing those rocks with ice. This modeling was applied to the line-data along our model profiles, and the results were processed and interpolated in the same manner as the unadjusted basin-geometry results.
Sedimentary rocks are observed at elevations as high as 1000 m after glacial isostatic adjustment is applied, and we reconstruct a basin filled to that level.
Subaerial fluvial erosion from pre-glacial and inter-glacial periods is potentially a substantial component of the total erosion. We do not include it in this study due to the large uncertainty concerning past relative Substantial subaerial erosion, if isostatically compensated, causes very large modifications to pre-erosion basin geometry, and from this we can infer that the degree of regionally extensive subaerial erosion is limited. Narrow and potentially deep river channels may have existed that would be either isostatically uncompensated, or supported by regional flexure [Watts, 2001] . Uncompensated valleys that are later filled with ice, eroded, and compensated are, isostatically speaking, identical to glacially eroded channels, and our approach models this scenario correctly.
Flexurally-supported valley incision (glacial or fluvial) will generate regional "up-warps" that cause our analysis to underestimate erosion outside of the trough, which is uplifted by more than in an isostatic model, and will overestimate erosion within the trough, which is uplifted by less than in an isostatic model. Flexural upwarps are typically low amplitude relative to the removed load [Watts, 2001] .
Discussion and Conclusions
Basin Geometry
The basin structure consists of several depocenters arranged along the Knox Rift axis (Figure 1a ). Adjusting basin geometry for ice loading and erosion-induced uplift, we further define the initial geometry of the basin (Figure 1c ). The main depocenters are flanked to east and west by the Conger and Scott faults, but are also located between, and apparently controlled by, several NNW oriented fault segments relating to the IAAS.
The northernmost, depocenter A, is located adjacent to the Scott Fault, which forms a steep scarp. This depocenter currently reaches a maximum depth of 6.5 km (4 km thickness), and the basin may initially have been 6 -7 km thick ( Figure 1b -Model R24Ea). Depocenter B is further south, larger, and is located next to the Conger Fault. It currently reaches a depth of 6 km, similar to depocenter A (Figure 1b -Model R21Ea), although it may initially have been thicker (up to 8 km). Depocenter B has a lower basin-base gradient, and shallower-dipping margins compared to depocenter A. Two high-stand zones are identified on the margins of the main rift zone with low basin-base gradient and relatively shallow basement. High A is at the southwestern corner of the basin adjacent to the Scott Fault and contains up to 2 km of sedimentary rocks, having largely escaped erosion. High B is located at the north-eastern corner, with up to 3 km of sedimentary rocks adjacent to the Conger Fault, and is more heavily eroded (Figure 1b -Model R22Ea) . The morphology of the basin base is consistent with two half-grabens with opposing polarity, bounded by the transtensional Scott and Conger faults, and segmented by the NNW-SSE trending structures.
Depocenter C lies south of the KSSB, and although the gravity data coverage does not allow to fully characterize this basin feature in 3D, our model suggests a total depth of over 4 km, with little overall erosion (Figure 1b -Model R19Wa).
Outside of these main depocenters, the northernmost part of the KSSB has smooth and relatively low bed topography suggesting sedimentary cover, but no deep accumulation of sedimentary rocks. Initial basin thickness may have been~1-2 km. Similarly, a topographic ridge and gravity high between depocenters B and C may indicate a horst block, with initial basin thickness of up to 2 km.
Development of the Knox Subglacial Sedimentary Basin
The reconstructed basin geometry suggests the development of a transtensional pull-apart basin controlled by two prior structural trends (Figure 1a) . The NNE oriented Conger and Scott Faults involve dextral obliquenormal kinematics, and the NNW-oriented structures are interpreted as scissor faults that segment the basin into discrete depocenters with opposing asymmetry. Furthermore, the topography and basin morphology of the rift indicates uplands to east and west, and lowlands to north and south, that can be separated by slip-lines [Tapponnier and Molnar, 1976] oriented NE-SW and NW-SE (Figure 1c ). These kinematic criteria constrain the direction of maximum extension to N-S, with an error of not more than 10°. This well-constrained kinematic solution allows to interpret the Knox Rift evolution in the context of East Gondwana breakup reconstructions. These reconstructions place the Knox Rift along strike from initially the Perth Basin, and later the Mentelle Basin (Figure 2 ). These basins record two main phases of rifting and subsidence: rift phase I occurred in the late Permian-Triassic and rift phase II occurred in the late Jurassic-Cretaceous.
Rift phase I is interpreted to have resulted from a large-scale plate reorganization, driven by Cimmerian rifting events at the Tethyan margin of Pangea [Ali et al., 2013] and by the Gondwanide 
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Orogeny at the Pacific margin [Cawood, 2005; Cawood and Buchan, 2007] . Permo-Triassic depocenters are present along the west Australian margin, notably in the Perth and Southern Carnarvon Basins, as well as on the Greater India margin [Mukhopadhyay et al., 2010] . In the Perth Basin, this rift phase resulted in E-W extension, followed by structural inversion, uplift and erosion [Song and Cawood, 2000] , also extending to the small Collie Basin [Lowry, 1976] and to the eastern sector of the Mentelle Basin [Borissova et al., 2010a] . The kinematics of rift phase I do not explain the main subsidence pattern in the KSSB, and we suggest that the KSSB was isolated from this rifting. We suggest that a significant dextral motion on the Aurora Fault [Aitken et al., 2016b] accommodated this differential extension and the offset of the Conger Fault relative to the Darling Fault. This motion aligns the KSSB with the Mentelle Basin prior to Late Jurassic to Early Cretaceous rifting (Figure 2b ).
Rift phase II results from the Late Jurassic-Early Cretaceous rifting of Greater India from East Gondwana and is widely recognizable in sedimentary basins along the East Gondwana rifting margins. In the Perth Basin, this second rift phase caused segmentation of the basin along NW trending transfer zones following the main extensional vector for East Gondwana breakup. Rift Phase II also involved dextral strike-slip movement along the Darling Fault [Song and Cawood, 2000] with kinematics consistent with those interpreted for the KSSB. Extension in the Mentelle Basin resumed in the Mid-Jurassic, generating a series of extensional half graben depocenters in the western Mentelle Basin and persisting until sea-floor spreading developed at 132 Ma [Borissova et al., 2010b] . Our interpreted kinematics for the main subsidence phase of the KSSB are consistent with not only the direction of Indian plate motion post-breakup, but also the kinematics of rift phase II within the Perth and western Mentelle Basins [Borissova et al., 2010b; Song and Cawood, 2000] . The formation of the KSSB is thus constrained to the Late Jurassic-Early Cretaceous (Figure 2c) , and was along-strike from and likely coeval with the western Mentelle Basin.
The spatial link with the developing plate-margin, may have been abandoned after 132 Ma, when sea-floor spreading developed in the region of the Mentelle Basin [Borissova et al., 2010b] , and the locus of rifting shifted to the south-west [Gaina et al., 2007; Gibbons et al., 2013] . The Indo-Antarctic margin preserves riftbasins associated with this rifting phase, continuing until seafloor spreading commenced at 129 Ma [Gaina et al., 2007; Seton et al., 2012] (Figure 2d ). Extension in the Knox Rift may have continued through this period in an intraplate setting, with no direct link to the plate margin. Although poorly dated, the post-rift Shackleton Basin was formed over new oceanic crust after 129 Ma [Stagg et al., 2005] , and the Knox Rift may also preserve a similarly-aged post-rift subsidence phase.
Erosion of the Knox Subglacial Sedimentary Basin
By taking into account current ice thickness, glacial erosion and the isostatic equilibration of those, the erosion restoration model provides the first opportunity to assess the role of the interpreted basin structures in the dynamics and evolution of the Denman and Scott Glaciers. We interpret two main erosion regions in the Knox Rift (Figure 1d ). Region A is located in the coastal part of the KSSB, and connects to the Denman and Scott glaciers. Region A contains elevated highlands with rough surfaces and deeply incised fjords with smoother beds (Figure 1c) . Elsewhere within Antarctica, this pattern of rough highs and smooth, narrow lows (fjords) has been interpreted to result from highlands being protected from glacial erosion due to cold-based ice, whereas valleys focus both fluvial and glacial erosion Ross et al., 2014; Jamieson et al., 2014; Young et al., 2011] . Highly selective erosion is suggested, perhaps driven by a high degree of flow-convergence into these fjords from a thick mass of ice upstream, in region B. Region B is located deeper inland, above depocenter B, and is also deeply eroded, but without fjords. This erosion may represent activity of the Denman and Scott streams during less extensive phases in the evolution of the ice sheet (Figure 3 ).
Mapped erosion is focused within the rift (Figure 1d ), and the distribution within the rift zone shows a strong correlation with the major depocenters, where it is highest. The link with the main depocenters suggests that topographic focusing [Winsborrow et al., 2010] and a mechanically-weak and probably wet sedimentary bed [Wright et al., 2012; Gooch et al., 2016] may have focused the ice-stream within the rift zone, as has been suggested for ice streams in West Antarctica [Bingham et al., 2012] . The past history of the Denman and Scott ice streams is not known well, but our results suggest that fastflowing, warm-based ice has rarely impacted the regions outside of the rift axis, and this constraint is likely to remain in the future.
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